Background. Thoraco-abdominal-aneurysm surgery predicts high mortality. Propofol and sevoflurane are commonly used anaesthetics for this procedure. Halogenated anaesthetics induce organ protection similar to ischaemic preconditioning. We investigated which anaesthetic regimen would lead to a better protection against ischaemia -reperfusion injury induced by temporary thoracic-aortic occlusion.
However, these processes are not restricted to the heart and, therefore, positive effects on other organs are most likely. In accordance, protection of the kidneys 12 against reperfusion injury and reduced release of markers of renal dysfunction 13 and hepatic injury 14 after coronary artery bypass surgery have been reported. In contrast, beneficial effects of volatile anaesthetics on hepatic ischaemiareperfusion injury are controversial. 15 16 Benefits of i.v. anaesthesia with propofol have been reported, presumably due to attenuation of free radical production. 17 18 To assess a potential difference between anaesthetics, we compared i.v. anaesthesia with propofol against inhalation anaesthesia with sevoflurane in a standardized model of severe porcine ischaemia -reperfusion injury. Our aim was to quantify injury severity via catecholamine requirements to achieve stable haemodynamic conditions together with histological assessment, and quantification of liberation of the intracellular enzymes lactate dehydrogenase (LDH), aspartate transaminase (AST), and alanine aminotransferase (ALT) as markers of tissue injury. As a previous study 6 showed beneficial effects of halogenated anaesthetics compared with total-i.v. anaesthesia on myocardial ischaemia -reperfusion injury, we hypothesized that sevoflurane would lead to a reduction in ischaemiareperfusion injury compared with propofol.
Methods

Study design
The experiments were conducted on 28 pigs [German landrace, mean body weight 29 (3) kg] with approval of the local governmental authorities (AZ-209.1/211 -2531-54/04) and in accordance with the principles of good animal care. 19 
Surgical preparation and instrumentation
I.M. injections of midazolam (1 mg kg
21
; Ratiopharm, Ulm, Germany) and azaperone (12 mg kg 21 , Janssen-Cilag, Neuss, Germany) were given for premedication. Anaesthesia was subsequently induced by i.v. injection of fentanyl (15 mg kg 21 , Janssen-Cilag, Neuss, Germany), propofol (2 mg kg 21 , AstraZeneca, Wedel, Germany), and atracurium bromide (2 mg kg 21 , Hexal, Holzkirchen, Germany). Oxygen saturation was monitored. After tracheal intubation, the animals lungs were ventilated at an inspired oxygen fraction of 1.0 (Servo 900C, Siemens, Solna, Sweden). Ventilatory frequency (23-27 min 21 ) and tidal volume (10-15 ml kg 21 ) were adjusted to achieve normocapnia (Capnomax Ultima, Datex, Helsinki, Finland). Animals were placed in the supine position on a heating-pad and anaesthesia for surgical preparation was continued by infusion of midazolam (1.5 A 5 F introducer sheath was placed in the right femoral artery for distal pressure monitoring. For temporary aortic occlusion, a 22 F balloon-tipped catheter (Edwards Lifesciences, Irvine, USA) was inserted through the left femoral artery. The tip of this catheter was advanced above the diaphragm and placed immediately distal to the left subclavian artery under X-ray guidance. A sternotomy was then performed and two transit time flow probes (inner diameters 14 or 16 mm, Medi-Stim AS, Grefsen, Norway) were placed around the ascending aorta and the pulmonary artery, respectively. The portal vein was cannulated through a median laparotomy and a 6 mm ultrasonic flow probe (Medi-Stim AS, Grefsen, Norway) was placed around it.
Interventions
Midazolam was stopped at the end of the preparation period and the animals were randomly allocated to study groups by choosing an envelope.
(i) propofol pre-, during, and post-ischaemia (n¼9; propofol: 10 mg kg 21 h
21
; propofol 2%, AstraZeneca, Wedel, Germany); (ii) sevoflurane pre-, during, and post-ischaemia (n¼9; sevoflurane: 2.0 vol.% end-tidal; Abbott, Wiesbaden, Germany).
Fentanyl (45 mg kg 21 h
) was given throughout the experiments. After the study anaesthetic had been given for 60 min, 2500 IE heparin was administered and the thoracic aorta blocked by inflating the occlusion catheter. Complete occlusion was verified both by angiography and by disappearance of distal arterial pressure and portal flow signals. After 90 min of ischaemia, reperfusion was initiated by deflating the balloon. The study anaesthetic was continued for another 120 min. Propofol or sevoflurane was then stopped and midazolam (1.5 mg kg 21 h
) was re-established until the end of the experiment.
To assess effects over time, 10 additional pigs were subjected to identical protocols but without aortic occlusion [non-occlusion animals (NOA); propofol -NOA, n¼5; sevoflurane -NOA, n¼5]. One investigator (T.A.) was blinded regarding the anaesthetic study drug during conduct of the experiments by covering the vaporizer, gas-analyser, infusion pump, and lines, and by numeric codes during the entire duration of the data evaluation process.
Standard goal-directed therapy
To enable stable haemodynamic conditions during the reperfusion period, a standardized protocol for interventions was developed and a goal-directed therapy performed by the blinded investigator. This consisted of 100 ml sodium bicarbonate (8.4%) and 0.1 mg norepinephrine given to every animal immediately before reperfusion. Mean arterial pressure (MAP) was kept above 50 mm Hg by fluid infusion and vasopressors. Repeated boli (50 ml) of a saline solution (NaCl 0.9%; Braun AG, Melsungen, Germany) and pentastarch 6% (Voluven 130/0.4; Fresenius Kabi, Bad Homburg, Germany) were given in a 2:1 ratio to maintain pulmonary capillary wedge pressure (PCWP) above 5 mm Hg. If MAP decreased below 50 mm Hg, volume loading was repeated until no further increase in MAP was achieved. A continuous infusion of norepinephrine was then started. If cardiac output decreased below 80% of baseline in spite of PCWP above 5 mm Hg and a MAP above 50 mm Hg could not be achieved by norepinephrine, an intravenous epinephrine infusion was initiated. Catecholamines were increased to a maximum dose of 6 mg h
21
. Base excess was kept between 25 and þ5 mmol litre 21 by sodium bicarbonate. Buffer requirements were calculated using standard formulae.
Measurements
Data were collected at the following time points: T1: baseline (before aortic occlusion); T2: 15 min ischaemia; T3: 75 min ischaemia; T4: 5 min reperfusion; T5: 60 min reperfusion; T6: 120 min reperfusion; T7: 180 min reperfusion; T8: 240 min reperfusion; T9: 300 min reperfusion.
In NOA-groups, measurements were made after equivalent periods of time had evolved.
Haemodynamics and ventilation
Aortic and central venous pressures were recorded online at 250 Hz (DasyLab; Measx, Mönchengladbach, Germany) from catheter tip manometers. Pulmonary and femoral artery pressures were measured via standard pressure transducers. Pulmonary, portal venous, and aortic flows were continuously recorded using precalibrated ultrasonic flow probes (CardioMed medical volume flowmeter, CM 1008, Medi-Stim AS, Oslo, Norway). End-expiratory carbon dioxide and sevoflurane concentrations, ventilatory frequency, and tidial volume were monitored (Capnomax Ultima; Datex, Helsinki, Finland) on a breath-by-breath basis. Infused fluid volume and catecholamine requirements were noted.
Blood samples
Arterial, central venous, mixed venous, and portal venous blood samples were withdrawn simultaneously and analysed in a blood gas analyser (BGA 860, Chiron Diagnostics, Fernwald, Germany) and a cell counter (Coulter Counter T 540, Coulter, Krefeld, Germany). At each data collection time point, approximately 20 ml blood were withdrawn. Total protein, LDH, ALT, and AST activities were measured using standard tests in the hospital central laboratory. To adjust for dilutional changes, enzyme activities were normalized to total protein content of the respective samples.
Wet to dry ratio and histological examination
Transmural small intestine tissue specimens were taken at T1, T3, T6, and T9 from isolated jejunal loops. To evaluate the wet-to-dry weight ratio (w/d-ratio), tissue samples were weighed immediately after biopsy and then after being dried at 608C for 21 days. For histological examination, tissue was fixed in 10% buffered formalin and embedded in paraffin. Sections were stained with eosin and haematoxylin. The sections were blinded with a numeric code and analysed by a pathologist (I.B.). Injury was graded using a scale published by Chiu and colleagues 20 (Grade 0: normal mucosal villi; Grade 1: subepithelial Gruenhageǹs space often with capillary congestion; Grade 2: extension of the subepithelial space with moderate lifting of the epithelial layer from the lamina propria; Grade 3: massive epithelial lifting down the sides of villi, few tips denuded; Grade 4: denuded villi with lamina propria and dilated capillaries exposed, increased cellularity of lamina propria may be noted; Grade 5: digestion and disintegration of lamina propria, haemorrhage, and ulceration). Additional slices were stained with chloracetate esterase for staining granulocytes. The average number of granulocytes found in 15 visual fields was determined and compared with the baseline cell count.
Statistics
Kolmogorov -Smirnov test was used to verify normal distribution. Data sets were compared using two-way analysis of variance (ANOVA) for repeated measures. This was followed by Student -Newman -Keuls test, if a difference between groups had been detected. Changes over time in non-normally distributed data sets were tested by Friedman repeated-measures ANOVA on ranks. P,0.05 was considered statistically significant (SigmaStat, Systat Software, Richmond, USA).
Results
Animals in both intervention groups did not differ in terms of sex (M/F: 4/5) and body weight [ propofol, 29 (2) kg; sevoflurane, 28(3) kg]. At baseline (T1), comparable standard values of haemodynamic variables were obtained (Table 1) . MAP was slightly lower in the sevoflurane group (*P,0.05).
Aortic occlusion
Occlusion of the thoracic aorta led to comparable tachycardia in both groups whereas MAP and SVRI increased to a greater degree in the sevoflurane group (*P,0.05; Table 1 ). Left ventricular stroke work during clamping period was initially higher with sevoflurane (*P,0.05). Cardiac index did not differ between groups throughout the occlusion period (Table 1) .
Ischaemia led to a marked reduction in whole body oxygen consumption. This was accompanied by excessive lactate production (Fig. 1) . In both groups, the small intestine histology damage score had deteriorated towards the end of ischaemia (Table 2 ). Intestinal granulocyte sequestration was also noted at that time point (Table 2) . Small intestine tissue w/d weight-ratios remained unchanged during the occlusion period as did serum activities of LDH, AST, and ALT (Fig. 2 ).
Reperfusion and goal-directed therapy
Reperfusion resulted in significant reductions of MAP and SVRI (T3 vs T4, Table 1 ). Multiple interventions were required in all animals according to the goal-directed therapy protocol. Because of effective therapy, there were no differences among groups in MAP, PCWP, CI, and SVRI within the remaining experimental period (Table 1) . Despite comparable systemic haemodynamic parameters (MAP, PCWP, and CI), heart rate decreased towards normal beginning with T6 in the sevoflurane group (*P,0.05; Table 1 ). This was associated with a higher stroke volume.
Oxygen consumption was almost equal in both groups in the reperfusion period (Fig. 1) . Neither total O 2 -ER nor mesenteric O 2 -ER differed significantly between the groups until T9, when whole body oxygen extraction was slightly higher after sevoflurane (*P,0.05, Table 1 ).
Fluid and buffer requirements did not differ between groups (Table 3 ). Norepinephrine infusion rate was turned down significantly over time, but only in the sevoflurane group (T4 -T9: sevoflurane, Friedman-test # P,0.05; Table 3 ). Thus, 4/9 pigs in the sevoflurane group were no longer dependent on vasopressor therapy at the end of the experiment, whereas 9/9 animals in the propofol group still needed support. Supplemental epinephrine was necessary in four and three animals, respectively ( propofol/sevoflurane; Table 3 ). Two animals after sevoflurane and three animals after propofol required norepinephrine at the maximum cut-off dose at the end of the experiment.
Haemoglobin concentration decreased over time with no significant difference between groups (Table 4) . A decrease in leucocyte count developed in both groups after reperfusion. During the first hour of reperfusion, white blood cell count was significantly lower with propofol (*P,0.05; Table 4 ). (4) 22 (4) 27 (5) 35 (10) Serum LDH, AST, and ALT activities increased after reperfusion. This was significantly greater after propofol than sevoflurane (*P,0.05; Fig. 2 ). Lactate concentrations tended to normalize towards the end of the experiment, but only after sevoflurane (T4 -T9: P,0.05; Fig. 1 ).
Up to 2 h following reperfusion, the intestinal w/d-ratio remained essentially unchanged with sevoflurane, whereas it had increased significantly in animals tested with propofol ( Table 2) . At the end of the experiment, w/d-ratio had also increased after sevoflurane. Histology score and granulocyte infiltration did not differ significantly between T2 T3 T4 T5 T6 T7 T8 T9   T1   Study-medication   T2 T3 T4 T5 T6 T7 T8 T9 ns ns T1  T9  T3  T4  T5   T1  T9  T3  T4  T5   T1  T9  T3 T4 T5 groups, despite a tendency to lower granulocyte counts at the end of the experiment in the sevoflurane group (Table 2) .
Non-occlusion animals
Baseline MAP in sevoflurane-NOA was lower than in propofol-NOA. All animals had stable MAP without necessity for vasopressor support during the experimental period. Base excess and lactate levels remained in the normal range. Serum activity of intracellular enzymes increased only moderately in both groups during the observation period (Table 5) .
Discussion
All animals displayed a severe reperfusion injury following 90 min occlusion of the thoracic aorta. However, animals receiving sevoflurane showed less signs of reperfusion injury as assessed by systemic haemodynamic instability than animals receiving propofol for the same intervention. Animals tested with sevoflurane had a less pronounced increase of serum enzyme activities indicative of tissue injury.
Aortic occlusion
Increases in mean arterial pressure and systemic vascular resistance are frequent cardiovascular responses to aortic crossclamping. Heart rate, cardiac filling pressures, and output may or may not increase. 2 Gelman and colleagues 21 reported that blood flow to organs distal of an aortic occlusion was dependent on proximal arterial pressure in dogs. The more pronounced increase in central arterial pressure in our sevoflurane-anaesthetized animals thereby might have been of advantage due to better maintained collateral flow and improved tissue oxygen supply. However, in this porcine animal model, distal arterial pressure and portalflow equally decreased to zero immediately after aortic occlusion in both groups. This is indicative of almost complete absence of collateral flow. In addition, comparable increases in lactate concentrations after deflation of the aortic balloon suggest comparable degrees of ischaemic injury with both anaesthetics. Differences may also be related to differential effects by the anaesthetics on oxygen consumption during the clamping period. However, oxygen extraction and consumption decreased comparably in our model.
Whilst histological measures used in the study did not prove better organ preservation with sevoflurane, this would not necessarily exclude an advantage. As inferred from the high catecholamine dependency, we applied a severe model of complete ischaemia, and the high extent of mucosal destruction seen at the end of aortic occlusion may have rendered a more subtle differentiation of intestinal tissue trauma impossible.
Reperfusion
Deflation of the aortic balloon and reperfusion of previously ischaemic tissue resulted in the well-described decrease in MAP and in tachycardia described as 'declamping shock'. In this animal model, we kept systemic haemodynamic variables stable according to a goal-directed therapy protocol. Excessive fluid administration was necessary in both groups. However, at comparable ventricular filling pressures, sevoflurane-treated animals appeared to be less vasoplegic. This is inferred from both a tendency to lower norepinephrine infusion rates immediately after reperfusion and a significant reduction of norepinephrine requirement over time. Also, animals in the sevoflurane group were not as dependent on a high heart rate to maintain their cardiac output, suggesting better maintained ventricular function. These advantages outlasted the duration of study of anaesthetic application.
It has been shown that high doses of propofol (30 mg kg 21 h
21
) impair tissue oxygen extraction and this might also have influenced the results reported here. 22 However, a much lower infusion rate was chosen in this investigation (10 mg kg 21 h
) without any difference in oxygen extraction during application of propofol or sevoflurane. Lactate concentrations in both groups reached a maximum within the first 2 h of reperfusion. After that time, concentrations remained stable in the propofol group, whereas they started to decline in sevofluranetreated animals. Stable lactate levels in the propofol group are considered either to be due to persisting anaerobic metabolism or reduced hepatic clearance.
Serum LDH, AST, and ALT also increased after reperfusion but to a greater extent with propofol compared with sevoflurane. LDH is found in the cytoplasm of various cell types and can be considered a non-specific indicator of tissue injury. 23 AST and ALT are markers of liver injury, and have been correlated with histological liver damage. 15 In addition, AST is an intestinal seromucosal enzyme and is released during intestinal ischaemia-reperfusion injury. 24 25 Liberation of intracellular enzymes and their detection in samples from circulating blood is an accepted method to detect tissue injury. 6 15 25 In contrast to propofol administration, the intestinal w/d weight-ratio as a marker of oedema formation remained stable during the administration of sevoflurane. After 5 h of reperfusion and when anaesthesia had been switched to midazolam, the weight-ratio also increased in this (sevoflurane) group. Bruegger and colleagues 26 recently reported less fluid extravasation in patients undergoing breast surgery when sevoflurane compared with propofol was given for anaesthesia. It is possible that sevoflurane is superior to propofol in maintaining competence of the vascular endothelium as a barrier to fluid extravasation at least in pathological states.
In terms of differential histological signs of intestinal tissue damage, scores with both anaesthetics had already reached a maximum at the end of the ischaemic period. This may be due to insufficient sensitivity of histology to discriminate severe degrees of injury. However, the relevance of reperfusion to aggravate injury of the intestine has been questioned in general. 27 -29 This has been explained by low xanthine oxidase concentrations, reducing production of oxygen radicals via this pathway. 29 Also, experimental evidence suggests that early tissue regeneration after intestinal ischaemia may outweigh the negative effects of reperfusion. Blood leucocyte counts decreased less at the end of ischaemia and the beginning of reperfusion in sevofluraneanaesthetized animals. In both groups, decreases in cell counts were associated with marked accumulation of granulocytes in intestinal tissue specimens (Table 2 ; Fig. 3 ). Despite a tendency towards lower tissue cell counts with sevoflurane at T9, this difference did not reach statistical significance. Reduced expression of adhesion molecules and decreased release of mediators contribute to the beneficial effects seen with the halogenated anaesthetics. 9 -11 Thus, reduction by volatile anaesthetics of granulocyte and endothelium interactions can be considered a potential explanation for reduced reperfusion injury.
In summary, therefore, several findings from this study show a sevoflurane-related impact in protection of previously ischaemic tissue. These are reduced catecholamine support, less pronounced leucopenia, decrease of lactate concentration, and reduced release of enzymes, which are considered to be markers of cellular injury.
Study design and animal model
In this investigation, we focused on the systemic haemodynamic consequences of thoracic-aortic occlusion and on some markers of tissue integrity. To our knowledge, this is the first investigation including the intestine as a potential target of anaesthetic protection against reperfusion injury. Pigs were chosen as experimental animals because their low intestinal xanthine oxidase concentration is similar to that in man. 27 29 Animals were randomized after all surgical preparation and instrumentation had been completed. To reduce potential investigator bias as far as possible, therapy was guided by one of the authors blinded for the anaesthetic used.
Nielsen and colleagues used aortic occlusion in rabbits to investigate the effects of halothane on hepatic ischaemia -reperfusion injury. After 40 min aortic occlusion and 2 h of reperfusion, hepato-cellular enzyme activities and lactate concentrations were increased. These results were attenuated by xanthine oxidase inactivation. 15 In their study i.v. anaesthesia with fentanyl and droperidol affected hepatic enzymes and lactate less than halothane. This may appear to contrast with our results where inhalational anaesthesia was found to be superior to an i.v. agent. However, use of droperidol instead of propofol or better maintained hepatic perfusion with sevoflurane vs halothane may explain these differences. 30 Recently, Lorsomradee and colleagues 14 demonstrated less hepatic injury in patients receiving sevoflurane compared with propofol after coronary surgery. 
Several potential limitations exist in this study
First, to mimic the clinical situation of major aortic surgery, we used a highly invasive model requiring sternotomy, median laparotomy, and preparation of several large blood vessels which could have modified our results. As inferred from the NOA-groups, both anaesthetic regimens and surgery were well tolerated. There was no development of haemodynamic instability or lactic acidosis over time, no animal required catecholamine support. Second, this investigation covers only the first 5 h of reperfusion. Late injury, for example, as a result of apoptosis may occur. Further investigations are necessary to evaluate long-term effects.
Third, both anaesthetic agents were used as part of a multidrug regime. Sevoflurane and propofol were initiated 60 min before onset of ischaemia and continued for 120 min of reperfusion. This protocol was chosen to mimic the clinical situation in which the primary anaesthetic is not changed during the procedure but stopped when the patient is transferred to the ICU. Among the substances used, fentanyl has been shown to afford protection of isolated cells due to activation of mitochondrial K ATP channels, whereas midazolam had no effect. 31 Even if there were additional influences of other drugs applied for balanced anaesthesia, this would not decrease the significance of the differences observed. All substances were applied in comparable dosages in all animals.
Fourth, lower body ischaemia affects multiple organs and tissues. Although metabolically active organs such as liver or kidneys may be more susceptible to ischaemic insult, others such as skeletal muscle may remain virtually unaffected. Such discrepancies can also be considered to reflect the clinical situation of aortic surgery. As stated earlier, this study was not designed to investigate the consequences of ischaemia and reperfusion on individual organs, but rather on the whole organism as assessed by effects on its systemic circulation.
Fifth, in animals and in clinical practice protective effects of inhaled anaesthetics may be dose-dependent. We used a concentration of sevoflurane, representing approximately 1 MAC in humans. Recent clinical and laboratory investigation reported beneficial effects of this concentration. 6 9 Further studies will therefore be needed to evaluate the question of dose-dependency and look for a potential threshold for protection.
Sixth, we can only speculate about the underlying mechanisms of protection observed in sevoflurane anaesthetized animals. In addition to cardiac protection by continuous intraoperative application, both pre-and postconditioning have been described. 32 To investigate such processes at the cellular level in a more detailed fashion was beyond the scope of this study. Hence, we could only speculate about potential intra-or extracellular pathways. Nevertheless, it appears sensible to assume that at least some of the mechanisms responsible for cardiac protection-protein kinase C, K ATP channels, 4 8 leucocyte endothelium interactions 9 -11 -may be active in organs and tissues supplied by the descending aorta, as well.
Conclusion
Sevoflurane showed potential to be superior to propofol in this porcine animal model of severe acute ischaemia induced by occlusion of the thoracic aorta. Reduced reperfusion injury was shown by better maintained haemodynamic stability and by lower release of serum markers of tissue injury, exceeding the application of the study drugs. The underlying mechanisms and the clinical implications of these beneficial effects remain subject to further investigation.
